Understanding patterns of erosion and sedimentation and their driving mechanisms is important for formulating a variety of estuarine management issues (conservation, shoreline protection, navigation, dredging and embanking). Therefore, the present study aims to determine the factors influencing the seasonal distribution and dynamics of suspended particulate matter (SPM) of two meso-(Mandovi and Zuari) and four micro-tidal (Terekhol, Chapora, Sal, and Talpona) river estuaries of Goa, on the central west coast of India. These estuaries exhibited salinity stratification near their mouths during the wet season and well-mixed water columns during the dry season. The SPM concentrations were two times higher in the wet season than in the dry season. Estuarine turbidity maximum (ETM) was a consistent feature in both the seasons at the mouth of the estuaries, except in the estuary of the Sal River. The in situ vertical distribution of SPM volume concentration and mean particle size allowed for a better visualization of the ETM formation and distribution. The gravitational circulation as well as flocculation at the salt-freshwater interface during the wet season and the impact of tidal and wind-induced currents at the river mouths during the dry season were primarily responsible for the formation of the ETMs.
INTRODUCTION
Rivers are the major contributors of particulate material to coastal seas. Presently, rivers transport around 95% of sediment to the ocean (Syvitski ) through the suspended load and bed load (Gaillardet et al. ; Walling ) .
The annual sediment discharge of rivers along the Indian coast is ∼1.2 × 10 12 kg (Chandramohan et al. ) . times) often occurs in estuaries near the landward limit of (i.e., exhibiting two high and two low waters in a tidal day).
The tides in the Mandovi and Zuari are meso-tidal with a mean tidal height of ∼2.3 m and 1.8 m during the spring and neap tides, respectively (Sundar & Shetye ) . On the other hand, the tides are micro-tidal in the other rivers with a mean tide height of ∼2 m for the spring and ∼0.25 m for the neap tide (NIO ).
Rivers and their drainage patterns
There are nine minor rivers (catchment area below 2,000 km 2 ; Rao ) draining the Goa region, namely the Terekhol, Chapora, Baga, Mandovi, Zuari, Sal, Talpona, Saleri, and Galgibag ( Figure 1 ). These rivers/estuaries are considered to be drowned river valleys (Ahmad ) present until the Talpona River. Goan rivers exhibit dendritic drainage (Wagle ) . The drainage area trends in a NW or NNW and EW direction; the former follows the regional trend of the formations while the latter is structurally controlled by major faults/fractures and master joints (Feio ) . The Sal River is an exception, as it runs parallel to the coast, due to the west coast fault and finally opens into the sea after touching the rocky exposures ( Figure 1 ). Laterite beds have been reported in the estuaries of the Chapora, Mandovi, and Zuari (Wagle ) . The distance traversed by each of the rivers varies before meeting the sea and is
∼142 km (Zuari), ∼35 km (Sal), and ∼32 km (Talpona) ( much less is known about the four micro-tidal rivers. In the present study, the coexistence of waves, tidal currents, and river discharges, make these coastal systems highly dynamic and complex, so that the interplay of the physical processes and the resulting dynamics need to be explored.
Therefore, in this study, we have investigated the SPM concentration in six minor river estuaries of Goa, namely the Terekhol, Chapora, Sal, Talpona, Mandovi, and Zuari rivers during the wet and dry seasons. The purpose of the present study is to determine the factors influencing the SPM distribution and the ETM formation. As fishing is the main occupation for the people in Goa, investigating the ETM holds importance for the region.
METHODS
Water sampling was carried out in the six minor rivers during the flood phase of the spring tide, in both the wet (monsoon) and dry (pre-monsoon) seasons. The details of the date and time of the sampling are given in Table 2 . 
Suspended particulate matter
For the SPM studies, 1.5 L water samples were filtered from each of the stations through preweighed polycarbonate membrane filters of 47 mm in diameter (pore size 0.4 μm).
The SPM retained on the filter papers was dried, weighed, and expressed as milligrams per liter.
In situ salinity, SPM, and mean particle size measurements A portable SBE 19 SEACAT CTD profiler (Sea-Bird Electronics, Inc., USA) was used to obtain the vertical profiles of salinity. For in situ SPM and particle size distribution, the instrument LISST-25X (Sequoia, USA) was utilized.
This instrument applies a laser diffraction device which allows the measurement of SPM properties such as Sauter mean diameter (SMD) and particle volume concentration (PVC). The LISST-25X gives SMD, which is the mean of 
RESULTS
The details of the river basins are given in Table 1 .
Salinity and pH
The locations of the freshwater/seawater boundary in the estuaries are strongly dependent on the seasonal freshwater discharge. (Table 3 ).
In both the seasons, the surface salinity increased gradually from the freshwater-dominated to the marine water-dominated stations of all the rivers (Figure 3 
Suspended particulate matter
The SPM showed large spatial variations along the transect of the estuaries ( Figure 4 , Table 3 for the Chapora River, the surface salinity and SPM were inversely related, i.e., low SPM at high salinity was observed.
However, the surface SPM and salinity showed a good correlation with higher surface SPM values associated with high salinity, especially near the estuary mouths during the dry season. In general, the surface salinity and pH were found to be low during the wet season and high during the dry season (Figure 3(a) ), and vice versa for the SPM concentration (high during the wet season and low during the dry season). The surface SPM concentrations were lower at the upstream stations of the estuaries throughout the study.
Sediment texture
The mouth regions of all the rivers were found to be sandy while the offshore stations were clayey. Roy () reported that the sediments near the Terekhol river mouth were made up of medium to coarse sand. In the Chapora and Sal, the rivers were sandy throughout their lengths with the sediment texture fining upstream. In the Talpona River, the sediment was sandy on either end of the river and with muddy sediments at the center (stations TL7 and TL8). Clay was dominant around the mouth regions of the Mandovi and Zuari estuaries and sand dominated at the upstream region (about 20 km upstream from the estuary mouth).
DISCUSSION
Effect of freshwater discharge on the seasonal salinity distribution Geomorphology, freshwater flow, and tides are the dominant variables determining the distributions of salinity and with a distinct upstream flow near the bottom and a downstream flow at the surface, was found to be restricted up to 10 km from the estuary mouth. In the River Sal, salinity stratification is not seen. In this river, as the seawater moves upstream, the influence of the tide decreases due to the high freshwater flow. Further inland, the river channel becomes narrower and shallower, favoring greater turbulence and mixing of the water column, resulting in less scope to develop vertical salinity gradients. During the wet season in all the rivers, the lower tidal effect at the upstream coupled with the riverine water dominance may have given rise to low pH upstream, increasing towards the sea. However, the extension of the saline water is not found to be linearly related to the river discharge, which may be due to the irregular bed topography of the rivers (Figures 5-7 ).
In the Terekhol River, the greater intrusion of saline water (Figure 3(b) (A) ) indicates that either the discharge was probably low during the wet season or it has a greater depth. Since the freshwater discharge is similar in the Chapora and Terekhol rivers, the first possibility is ruled out.
Extensive sand mining along the Terekhol River, as compared to the Chapora River, might have increased the depth of the water column and hence led to significant marine water input.
During the dry season, the intrusion of marine water water intruding for a considerable distance upstream from the estuary mouth for most of the rivers except for the Chapora River, probably due to a number of small streams discharging into it. In the Terekhol and Zuari rivers, the saline waters observed at 10 and 15 km from the estuary mouths during the wet season moved progressively upstream, resulting in high salinity mixed water columns in the upstream region. Therefore, the amount of freshwater discharge during both the seasons primarily controlled the extent of seawater intrusion into the rivers in the present study.
Processes governing the formation of ETM in the different rivers
The concentration of SPM in an estuary is a function of the geology of the catchment area, river discharge, tidal phase, spring-neap tide, seasons (wet and dry), density gradient, and wind (Chen et al. ) . In the present study, the concentration of the SPM varied with seasonal changes in the river discharge. Therefore, to explain the distribution and dynamics of SPM, it is important to understand the estuarine processes governing the system seasonally.
Wet season
Factors controlling the SPM concentrations of the rivers
The differences in bathymetry, freshwater discharge, tidal In the Mandovi River, the occurrence of the ETM at the same position during both the seasons (near the estuary mouth) was attributed to the tidal and wind-induced currents (Rao et al. ) . In the Sal River, the shallow depth caused turbulence and bottom friction, producing a wellmixed water column with a meager increase in salinity at the upstream end and no distinct ETM. In the Talpona River, the ETM present near the estuary mouth might be primarily due to the marine input and resuspension from the tidal action. Even at depths as shallow as 2 m, tidal currents have been reported to dominate suspension in the microtidal York River (Boon ).
Factors controlling the ETM length and magnitude
The zone of the ETM expands/stretches in most of the rivers during one of the seasons. Turbidity maxima are usually The present study is on ETM, which has a wide range of applications, a few of which are listed below:
1. The ETM, which is a consistent feature at the mouth of the estuary in both seasons, help us to determine the extent to which materials are transported from the land to sea, which is critical for understanding sedimentary sinks of a wide range of particles (carbon, nutrients, trace elements) (Brunskill ) . This knowledge is also important for the assessment of coastal pollution (Milliman & Syvitski ; Bilotta & Brazier ) and must be taken into account during effluent and pollutant discharge in seas and rivers.
2. Tropical minor river estuaries, such as the ones studied here, receive almost negligible river runoff but exhibit high surface productivity during the non-monsoon months (Ram et al. ) . Our study shows that the ETM formation during non-monsoon months is largely due to the re-suspension of bottom sediments in the estuaries. This implies that the re-suspended material may have supplied required nutrients, etc., and thus be a factor for productivity in the estuaries during the nonmonsoon months. knowledge is important and must be taken into account during effluent and pollutant discharge in seas and rivers as pollutants are associated with the SPM and the estuary will fuction as a concentrator of materials, besides acting as a filter of river-borne materials. This will lead to far-reaching ecological consequences.
